Paraquat is a major cause of fatal poisoning after ingestion in many parts of Asia and the Pacific nations. However, optimal prognostic indicators to evaluate patient mortality have not been unequivocally established. Following acute paraquat poisoning, a number of amino acids (AA), are abnormally expressed in metabolic pathways. However, the alterations in AA metabolite levels after paraquat poisoning remain unknown in humans.
Background
Paraquat (N, N -dimethyl-4,4-lipoprotein dichloride; PQ), a highly effective herbicide, is a major cause of fatal poisoning after ingestion in many parts of Asia and the Pacific nations. It is very toxic to humans and there is no antidote to its effects or any effective therapy, producing a mortality rate of 50-90% in affected individuals [1] . Hence, the early diagnosis and prognosis of PQ poisoning is of great importance. Currently, many potential prognostic indicators have been studied to evaluate the severity of poisoning, such as the concentration of PQ in plasma, acute physiology and chronic health evaluation (APACHE II) and sequential organ failure assessment (SOFA), pancreatic enzymes, uric acid and a neutrophil counts [2] [3] [4] . However, the optimal markers remain to be established.
Amino acids (AA) are used for protein biosynthesis and also function as precursors for the synthesis of proteins and many signaling molecules that are involved in the growth, renewal and repair of cells [5] . They include 22 proteinogenic AA that are natural components of polypeptides. Many AA that are non-proteinogenic also have important roles as metabolic intermediates. For instance, gamma-aminobutyric acid and glutamate act as inhibitory and excitatory neurotransmitters, respectively [6] . Glycine is a biosynthetic precursor to porphyrins used in red blood cells [7] . Hence, altered AA metabolism likely leads to many human diseases. There are significant differences in d-AA concentrations between healthy people and Alzheimer disease (AD) patients [8] . A number of studies have found marked changes in muscle and plasma AA status in chronic obstructive pulmonary disease [9] . Also, patients with liver disease often have impaired AA metabolism [10] .
However, the alterations in AA metabolites after PQ poisoning remain unknown. We therefore prospectively studied AA metabolites to identify altered metabolism specific to PQ poisoning that may be used to evaluate the degree of PQ poisoning, and uncover favorable indicators for early detection and outcome predictions.
Material and Methods

Population studied
Our study was conducted at the Shanghai Tenth People's Hospital of Nanjing Medical University between January 2012 and September 2014. The control group (n=10) included individuals without any previous disease, aged 20 -55 years and no recent history of exposure to heavy metals or drugs. Patients with acute oral PQ poisoning (n=40) were enrolled in the study according to the following criteria: Suffered acute PQ poisoning by ingestion within 48 hours; urine or plasma PQ levels were >0.1 mg/L; age range 15-75 years; informed consent obtained from the patient or their family. Patients were excluded from the study according to the following criteria: the poison was not taken orally; admitted to hospital >48 hours after ingestion; ingestion of PQ with other toxins; pregnancy; a previous history of heart, kidney, liver, pancreas, or central nervous system disease, or failed to give consent. All patients who took part in the study were monitored for ³90 days.
Treatment
The guidelines published by the Chinese Physician Association (2013 version) were carefully followed to ensure standardized treatment protocols for all patients enrolled in the study [11] . Thus, each patient underwent gastric lavage and was then prescribed 1 g/kg of activated charcoal and IV furosemide (40 mg/ day). Hemoperfusion with charcoal was instigated if the dithionite test in urine was positive. Continuous renal replacement therapy was initiated if the patients had symptoms of hepatitis, respiratory insufficiency, and/or acute renal failure. The following support treatments were also initiated if required: vitamin C, glutathione and/or GSH as antioxidant therapy; measures to prevent infection and antibiotics if required; maintenance of acid-base status and appropriate electrolyte and fluid levels; pulse therapy with methylprednisolone; measures to protect vital organs. Oxygen therapy was only administered as a palliative measure in patients who were terminally ill.
Data collection
Data, collected by experienced physicians, including the general condition of patients, laboratory tests, and treatments, as previously described [4] . The levels of PQ in samples were measured using high-performance liquid chromatography (HPLC) (Agilent HPLC 1260; Palo Alto, CA, USA). The likely quantities of PQ taken when patients or family members provided this information were carefully documented; otherwise, an estimate of the quantity of PQ swallowed was made according to the following criteria: a small sip, 5 mL or a mouthful, 20 mL. Blood samples were taken for routine blood parameter measurements on day 1, 3, 5, 7, and 14 after hospital admission. The blood samples for metabolomics were taken on day 1, 7, 14, and 28 after hospital admission. APACHE II and SOFA scores were recorded for all patients after admission.
Metabolic profiling
Mass spectrometry (MS), based on metabolite identification, was conducted as previously described. The concentration of PQ in plasma was measured using HPLC (Agilent HPLC 1260; Palo Alto, CA, USA), using the modified method of Whitehead et al. [12] . Metabolon Inc. (Durham, USA) measured the metabolomics data as previously described [13, 14] .
In brief, proteins were precipitated and various metabolites isolated from samples by agitation in methanol for two minutes and centrifugation. The concentration of each metabolite was measured in plasma samples using an untargeted Liquid Chromatography/Mass Spectrometry (LC/MS) and Gas Chromatography/Mass Spectrometry(GC/MS) analyzer. The identity of each metabolite was determined automatically using software developed at Metabolon, by comparing their ionic features to a reference library of chemical standards that included molecular weights, retention times, in-source fragments and adducts, as well as relevant mass spectrometry spectra. The area under the curve (AUC) of the peak of a metabolite was used to quantify each one [15] . After mass filtering, alignment, and internal standard normalization, the data were further quantified.
Heat maps were constructed using "R" (http://cran.r-project. org/), which is a data matrix that by using color gradients can visualize cell values and also provide a picture of the smallest and largest values in the matrix [16] . Unsupervised clusters of samples were used to generate heat maps for the control, survivor, and non-survivor groups, with a fixed metabolite in order to visualize metabolic patterns. Data were median-centered; for each metabolite, the data were centered about the median value and appropriate color scales used to refer to a decrease or increase in the relative level of the metabolite. We also carried out, where appropriate, a heat map assessment of the Spearman correlation matrix [17] .
SIMCA-P+ 13.0.3.0 Software (Umetrics, Sweden) was used to instruct a multivariate model, with variables being scaled to unit variance and centered about the mean prior to model construction. To analyze the data obtained by GC/MS and LC/MS, an unsupervised principal component analysis (PCA) was utilized in conjunction with analysis based on orthogonal partial least squares discrimination (OPLS-DA) [18, 19] . The OPLS-DA method was used to determine predictive mortality involving two main classes, namely the survivor group versus non-survivor group. After taking into account score plots for OPLS and VIP calculations, the analytic program chose significant metabolites that were clearly responsible for PQ mortality. Variables were selected as targets when their VIP values were >1.0 and their characteristics were analyzed subjectively using a t-test (two-tailed), assuming asymmetrical variance, with a threshold value p<0.001 and a correlation >0.75.
Ethical statement
The Institutional Review Board of the Shanghai Tenth People's Hospital, Nanjing Medical University, approved the study ((IRB: 2010RES017) with all patients providing written informed consent for participation, or if not possible, consent was provided by appropriate family members.
Statistical analyses
All data are presented as percentages or medians (25 or 75 quantiles). The p-values are quoted as two tailed with a pvalue <0.05 considered to be statistically significant. Prior to analysis, data were subjected to tests for a normal distribution and for equality of standard deviations. To determine if there were differences between the groups, Fisher exact tests for categorical variables; chi-squared tests and t-tests for continuous variables were employed. To determine the rate of fatality in patients poisoned with PQ, receiver operating characteristic (ROC) curves were constructed. SPSS version 22 and GraphPad Prism version 5 were used for all statistical analyses.
Results
Characteristics of the patients enrolled in the study
A total of 40 patients who ingested PQ within 48 hours of admission and 10 healthy control subjects were enrolled in the study. As shown in Table 1 , the median interquartile range (IQR) of PQ-poisoned patients was 31 years (range [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Approximately, the median of ingested PQ was 20 mL (15-50). The median plasma and urine concentration was 0.5 mg/L (0.3-4.5) and 2.9 mg/L (1.0-20.4), respectively. Approximately 37% of the patients underwent hemoperfusion therapy and 0.05% received treatment in the form of gastric lavage. Mortality was seen in 40% of the PQ-poisoned patients after treatment.
Changes in AA metabolites in patients who were acutely poisoned by PQ AA metabolism is complex since a huge number of potential metabolites are involved. Metabolic profiling is an invaluable method to study toxicity as it provides an inimitable insight into the biological reactions that produce toxicological insults [20] .
Metabolic profiling, based on GC/MS and LC/MS, was used to assess the effects of PQ poisoning. We investigated 102 AA metabolites by MS analysis. The patterns of metabolites were visualized by constructing a heat map from data obtained from the control, survivor, and non-survivor groups. A red/blue color scheme was used to refer to an increase or decrease in the relative levels of identified metabolites ( Figure 1 and Supplementary Figure 1) . We found twenty-five AA, shown in a red color, that were strongly associated with PQ poisoning mortality, including N-acetylalanine, N-acetylaspartate, glutamine, 1-methylimidazoleacetate, N-acetyl-1-methylhistidine, glutarylcarnitine, phenyllactate, p-cresol sulfate, 3-(4-hydroxyphenyl)lactate, 4-hydroxyphenylacetate, 5-hydroxymethyl-2-furoic acid, kynurenate, kynurenine, indolelactate, serotonin, C-glycosyltryptophan, tiglyl carnitine, 3-methylglutarylcarnitine, citramalate, homocysteine, dimethylarginine, urea, creatinine, 4-acetamidobutanoate and guanidinosuccinate (p<0.05, Table 2 ). Among them, the intensity of glutamine and p-cresol sulfate was decreased, while other metabolite levels were significantly increased.
To further analyze the data, we applied an unsupervised PCA and supervised OPLS-DA between the survivor group and the non-survivor group. The PCA score scatter plot (Figure 2A) showed reasonable separation between the survivor group and the non-survivor group. We found eight AA that were strongly associated with PQ poisoning mortality, including creatinine, indolelactate, 3-(4-hydroxyphenyl)lactate, kynurenate, 3-methylglutarylcarnitine, C-glycosyltryptophan, phenyllactate and N-acetylserine (p<0.05, Figure 2B ). Among these AA metabolites, creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate, were found to be most closely associated with PQ poisoning mortality (RS >0.75, Figure 2B , 2C), consistent with the findings of the heat map analysis.
Amino acid metabolites may be associated with the PQ poisoning mortality
Following PQ poisoning, a number of AA were abnormally expressed in metabolic pathways. It was noted that PQ poisoning resulted in a remarkable elevation in creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate levels that peaked on the day of admission (Figure 3A) , remained significantly high for about two weeks after injury, and then slowly decreased over 28 days, congruent with the injury phase of PQ poisoning (p<0.05, Figure 3B-3D ), suggesting these three AA metabolites were involved in PQ poisoning.
To validate the PCA and OPLS-DA data, the changes of these three AA metabolites intensity levels are shown in the control, survivor, and non-survivor groups (Figure 4) . When the control and survivor groups were compared, it was found that levels of creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate in the non-survivor group were all markedly upregulated on the day of admission (Figure 4A, 4C, 4E) . Consistent with the findings in PCA and OPLS-DA assays, the three AA metabolite levels slowly decreased during the time course of the investigation. Indeed, the level of the three AA metabolites in the non-survivor group remained substantially higher than in the survivor group after two weeks (p<0.05, Figure 4B , 4D, 4F), as revealed by the relative intensity, suggesting that PQ-induced enhanced expression of these three AA metabolites may be positively correlated with PQ poisoning mortality.
Creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate are useful indicators for predicting mortality
To understand the possible relationship between the AA metabolites and PQ mortality, we further examined these three AA metabolites for clinical validation. Table 3 presents the detailed characteristics of the survival group and the non-survival group. For the survival group and the on-survival group, the mean plasma PQ concentration was 0.3±0.2 mg/L (n=24) and 7.5±6.3 mg/L (n=16), respectively, which was a statistically significant difference (p<0.001). SOFA and APACHE II scores were dramatically higher in the non-survivor group (p<0.001). Furthermore, to identify whether these three AA metabolites were associated with the resultant outcome (survival or non-survival), ROC curves were constructed. As shown in Figures 5A and 5B, it is clear that 3-(4-hydroxyphenyl)lactate had the best AUC of 0.84, while indolelactate and creatinine had an AUC of 0.75 and 0.83, respectively. These findings were statistically significant, suggesting that they may be useful in predicting clinical outcomes.
It is well known that creatinine is involved in proline and arginine metabolism, being vital pathways involved in the biosynthesis of these AA from glutamate. It generated from creatinine phosphate breakdown in various muscle types, being produced at a regular rate [21] . Indolelactate and 3-(4-hydroxyphenyl)lactate belong to tryptophan and tyrosine metabolic pathway, respectively (http://www.hmdb.ca/ and http:// www.kegg.jp/, Figure 5C ). In PQ poisoning conditions, it is indicated to evaluate the prognosis of PQ poisoning.
Discussion
The early prognosis of PQ poisoning remains a clinical challenge. Additionally, it seems obvious that early identification of factors that influence the outcome in PQ poisoning may improve the early diagnosis and rapid medical intervention for patients who are at the highest risk of death. Therefore, our research aimed to identify effective indicators for PQ poisoning. visualized using heat maps generated from the control, survivor, and non-survivor groups. A blue/red color scheme was used to denote a decrease/increase in a metabolite relative level. C1-C10, Control; S1-S24, Survivor group; N1-16, Non-survivor group. All life depends on AA as they are the fundamental building blocks of proteins as well as many other biological molecules [22, 23] . Based on the balance of nitrogen and growth, traditionally AA are classified as being nutritionally essential AA (EAA) or non-essential AA (NEAA) [24] . EAA play important roles in the expression of genes, i.e., the transcription of encoded information in a gene into ribonucleases and proteins [25] . In contrast, NEAA are intimately involved in many cell signaling pathways that regulate proteolysis, the expression of genes, DNA and the synthesis of proteins, lipid, glucose and endogenous metabolite metabolism, neurotransmission and immunity, among other functions [26] .
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Recently, altered AA metabolism has been recognized to be an important and underestimated cause of many human diseases. For example, changes of the levels in several important AA have been reported in the pathogenesis of AD [27] . Urea cycle function may be induced in endothelial cells of AD patient brains, possibly to remove excess ammonia produced from increased AA catabolism [28] . Also raised plasma branchedchain AA (BCAA) levels in insulin resistance has been shown to be relevant in predicting the development of type 2 diabetes mellitus [29] . However, there is a paucity of information available about the changes of AA metabolites after PQ poisoning. Studying PQ poisoning from an AA metabolic perspective provides new insights into PQ pathogenesis and may lead to the discovery of important indicators that can partially aid in early detection and outcome prediction.
To the best of our knowledge, our study is the first that used serum AA metabolomics to evaluate prognosis in PQ poisoning in humans. Metabolic profiling of low molecular weight metabolites in tissue constituents has shown promising results in uncovering biomarkers and metabolic fingerprint in clinical toxicology and has previously been suggested as a potential technique for early diagnosis of PQ poisoning [30] . 
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The metabolomics results in our study are yielded a number of particularly interesting findings. First, following acute PQ poisoning, 25 AA molecules were abnormally expressed in metabolic pathways (p<0.05, Table 2 ). They belong to different metabolisms, like alanine and aspartate metabolism, glutamate metabolism, lysine metabolism, tryptophan metabolism, taurine metabolism, arginine and proline metabolism, etc. Among them, 4-acetamidobutanoate and guanidinosuccinate are NEAA, while others are EAA. Secondly, we found the intensity of glutamine and p-cresol sulfate was decreased, while others were significantly increased. Mechanisms for this finding merit future validation. Also, we applied an unsupervised PCA and supervised OPLS-DA analysis between the survivor group and the non-survivor group. Consistent with the findings in the heat map analysis, creatinine, indolelactate, and 3-(4-hydroxyphenyl)lactate were suggested to be the most closely related AA metabolites with PQ mortality (RS >0.75, Figure 2B , 2C). Hence, we further studied these three AA for clinical validation. It was noted that the level of these three AA metabolites in patients who died was substantially higher than in the survivor group (Figure 4 ).
Creatinine (molecular weight 113 daltons), is involved in arginine and proline metabolism, and is a commonly used marker to indicate renal damage in PQ poisoning [31] . Yamaguchi Table 3 . Characteristics of the survivor and non-survivor groups in PQ poisoning.
Plasma PQ concentration and urine PQ concentration were collected on admission; other parameters were the peak values within 5 days following intake of paraquat. PQ -Paraquat.
Metabolites
Note: AUC=area under a receiver operator curve; Sen=sensitivity; Spe=specificity; PPV=positive predictive value; NPV=negative predictive value; ACC=Accuracy. functions of the patients [32] . In agreement with previous findings [33, 34] , our research has shown that creatinine levels can be used to predict death, which was associated with an AUC of 0.83 ( Figure 5A , 5B), indicating an elevated creatinine was a useful prognostic indicator of death. Arginine is an essential AA which increases the production of NO, ROS, Ca 2+ release, as well as the expression of inducible nitric oxide synthase [35] . It has been reported that creatinine levels rise more rapidly in patients with severe PQ poisoning, but the mechanism(s) remain unclear. The increase might be due to severe free radical injury induced by PQ toxicity [36] .
For example, it is known that PQ poisoning triggers an inflammatory response, accompanied by raised levels of the cytokine TNF-a, which is associated with systemic inflammation. TNF-a is known to increase the expression of iNOS in aortic endothelial cells, leading to an increased production of NO compared to basal levels, which impairs the vascular responses of smooth muscle [37] . Therefore, detecting an early increase in creatinine levels may be an accurate prognostic indicator for death.
Indolelactate and 3-(4-hydroxyphenyl)lactate belong to tryptophan and tyrosine metabolic pathway, respectively, which act as a natural anti-oxidant. It has been shown that it decreases the generation of ROS by neutrophils and mitochondria, thereby moderating oxidative stress in sepsis. In our study, the relative intensity of indolelactate and 3-(4-hydroxyphenyl)lactate showed a significant increase after PQ poisoning ( Figure 3C, 3D) . Mechanisms are unknown. It may be due to the PQ-induced enhanced level of oxidative stress. In addition, ROC curve analysis in this study revealed that 3-(4-hydroxyphenyl)lactate had the best AUC of 0.84, while indolelactate had the AUC of 0.75, for the prediction of prognosis in patients with PQ poisoning (Figure 5A , 5B). These observations may validate the hypothesis that indolelactate and 3-(4-hydroxyphenyl)lactate is a good predictor of death. However, mechanisms underlying this finding remain are unclear, but warrant further investigation in future studies.
Conclusions
Taken together, this study applied a GC-MS/LC-MS based metabolomics approach to assess the AA metabolite changes and its prognostic values in human plasma following PQ poisoning. Three AA metabolites, creatinine, indolelactate, and 3-(4-hydroxyphenyl)lactate, were demonstrated to be associated with PQ poisoning fatality. Therefore, metabolic profiling of AA could be a reliable tool for identifying effective indicators for early prognosis of PQ poisoning.
